The nuclear pore complex (NPC) facilitates transport between nucleus and cytoplasm. The protein constituents of the NPC, termed nucleoporins (Nups), are conserved across a wide diversity of eukaryotes. In apparent exception to this, no nucleoporin genes have been identifi ed in nucleomorph genomes. Nucleomorphs, nuclear remnants of once free-living eukaryotes, took up residence as secondary endosymbionts in cryptomonad and chlorarachniophyte algae. As these genomes are highly reduced, Nup genes may have been lost, or relocated to the host nucleus. However, Nup genes are often poorly conserved between species, so absence may be an artifact of low sequence similarity. We therefore constructed an evolutionary bioinformatic screen to establish whether the apparent absence of Nup genes in nucleomorph genomes is due to genuine absence or the inability of current methods to detect homologues. We searched green plant (Arabidopsis and rice), green alga (Chlamydomonas reinhardtii) and red alga (Cyanidioschyzon merolae) genomes, plus two nucleomorph genomes (Bigelowiella natans and Guillardia theta) with profi le hidden Markov models (HMMs) from curated alignments of known vertebrate/yeast Nups. Since the plant, algal and nucleomorph genomes all belong to the kingdom Plantae, and are evolutionarily distant from the outgroup (vertebrate/yeast) training set, we use the plant and algal genomes as internal positive controls for the sensitivity of the searches in nucleomorph genomes. We fi nd numerous Nup homologues in all plant and free-living algal species, but none in either nucleomorph genome. BLAST searches using identifi ed plant and algal Nups also failed to detect nucleomorph homologues. We conclude that nucleomorph Nup genes have either been lost, being replaced by host Nup genes, or, that nucleomorph Nup genes have been transferred to the host nucleus twice independently; once in the evolution of the red algal nucleomorph and once in the green algal nucleomorph.
Introduction
The nucleus is the defi ning feature of eukaryote cells, separating the genome from the cytoplasm, the site of protein synthesis. The nucleus is bounded by a double-membrane envelope studded with nuclear pore complexes (NPCs) that facilitate translocation of macromolecules between nucleus and cytoplasm. Studies from yeast and vertebrate model systems have built up a detailed picture of the NPC. The NPC contacts the membrane surface at the interface between the continuous inner and outer membranes and is anchored in place by a small number of transmembrane proteins, which are not universally conserved (Bapteste et al. 2005; Mans et al. 2004; Suntharalingam and Wente, 2003) . It possesses 8-fold rotational symmetry (but is asymmetrical across the nuclear envelope) and is made up of 30 _ 50 nucleoporin proteins (Nups), each present in multiple copies (Lim and Fahrenkrog, 2006; Suntharalingam and Wente, 2003) . Recent bioinformatic screens have built on and extended experimental studies, identifying nucleoporin homologues across a wide range of eukaryotic taxa, and providing insight into the extensive conservation of this complex across the eukaryote domain (Bapteste et al. 2005; Mans et al. 2004) . Despite overall conservation of the nuclear pore complex, many nucleoporins are poorly conserved at the sequence level, and basic BLAST-based screens do not readily recover nucleoporin genes from genomic data (Rose et al. 2004) .
While identifi cation of Nup homologues is not trivial, the consensus arising from the studies published to date is that numerous Nup genes are conserved across all eukaryotes. Possible exceptions to this are the nucleomorph genomes of the chlorarachniophyte alga Bigelowiella natans, and Guillardia theta, a cryptomonad alga. In contrast to other nuclear genomes thus far screened, nucleomorphs are remnant nuclei stemming from two separate secondary endosymbioses wherein a non-photosynthetic eukaryote cell engulfed a photosynthetic eukaryote (Archibald, 2005) . In the case of B. natans, Neumann et al the nucleomorph is of green algal origin; the nucleomorph of G. theta is red algal in origin. In both cases, the nucleomorph genomes have undergone extreme reduction; the G. theta nucleomorph is a mere 551kb, compared to an estimated 350Mb for the host genome (Douglas et al. 2001) , and a similar picture is seen for B. natans, where the nucleomorph genome is 373kb (Gilson et al. 2006) .
Nucleomorph NPCs are potentially interesting for several reasons. If for some reason no Nup genes can be transferred to the main nucleus, genome reduction may have left nucleomorphs with only the most crucial components (a minimal NPC). Alternatively, it may be that only those genes that cannot be relocated to the main nucleus remain. This might be borne out if the pattern of Nup genes found in these two independent nucleomorph genomes is very similar. A second possibility is that there is no clear correspondence between which Nup genes are present; this may indicate that loss/relocation to the main nucleus is ongoing, the order of loss being largely stochastic. Third, there may be no detectable nucleomorph Nup genes in one or both genomes. This might indicate that all Nup genes have been relocated to the main nucleus, or that host Nup genes have replaced nucleomorph Nup genes with host Nups being imported into the endosymbiont.
Neither the genome annotations (Douglas et al. 2001; Gilson et al. 2006) , nor a large scale PSI-BLAST analysis, which included G. theta (Mans et al. 2004) , revealed evidence for nucleoporins in nucleomorphs. We therefore designed a bioinformatic screen to establish whether there were any nucleoporin genes in the B. natans and G. theta nucleomorph genomes. Importantly, we wished to be able to distinguish between absence of homologues from the genome and a failure to detect potential homologues owing to extensive sequence divergence (see screen design below).
We detect numerous Nup homologues in the genomes of Cyanidioschyzon merolae (red algae), Chlamydomonas reinhardtii (green algae), Arabidopsis thaliana and Oryza sativa (plants), but none in either nucleomorph. While we cannot formally exclude the possibility that Nup genes are present in the nucleomorph genomes and too divergent to detect, the design of our screen is such that this conclusion would necessitate a special case of extremely elevated evolutionary tempo to apply to two independently formed lineages, across multiple evolutionarily unrelated proteins. We therefore conclude that these genes have been completely lost or relocated to the main nucleus twice independently during evolution.
Materials and Methods

Screen design
Given the possibility that nucleoporin genes may no longer reside in the nucleomorph genomes of G. theta and B. natans, we sought to construct a screen that could be interpreted in the event of a negative result (i.e. where no candidate Nup genes were detected in either nucleomorph genome). The logic is as follows, and is based on the known phylogenetic relationships of the plant, algal and nucleomorph genomes included in the screen (Bhattacharya et al. 2004; Yoon et al. 2004 ) ( Figure 1 ).
In order to use maximal information, we used HMMER to generate profile hidden Markov models (profi le HMMs) from a training dataset of known Nup proteins. All sequences in our training data are from the Opisthokonts (primarily yeast and vertebrates; see below), and both the target genomes (G. theta and B. natans nucleomorphs) are members of the Plantae (see Fig.1a ). Identification of nucleoporin genes in other members of the Plantae provides an internal positive control, showing that, for any given nucleoporin, genes in the Plantae can be identifi ed using genes from Opisthokonts. Screening the genome sequences of the green plants Arabidopsis thaliana, Oryza sativa and the draft-assembly and the green alga Chlamydomonas reinhardtii thus serve as positive controls for detection of Nups in B. natans (green algae/green plant group), while the red alga Cyanidioschyzon merolae serves as a positive control for detection of Nup genes in Guillardia theta (red algae group).
The screen can thus be interpreted as follows. Strong candidates found in all control Plantae genomes should also be found in the nucleomorph genomes, if present. For those Nups where we do detect homologues in these genomes, but do not detect corresponding homologues in the nucleomorphs, we argue that this is indicative of genuine absence, rather than failure to detect homologues owing to insuffi cient sensitivity. In contrast, for those Nups where we identify no homologues in any of the Plant, free-living algal species, or the nucleomorphs, we cannot establish whether the result is due to genuine absence or an inability to detect homologues.
The screen can be further refi ned in two ways. First, candidate nucleoporin sequences from the plant or algal genomes can be added to each of the existing profi les, thereby including training data from the Plantae. The nucleomorph genomes can then be re-screened. As each sequence in a profi le is given equal weighting under HMMER (see below), one may reason that the profi les are nevertheless not well trained for Plantae, though this seems unlikely if the other Plantae genomes can be successfully screened without iteration. This issue can be addressed by way of a BLAST screen that takes phylogenetic relationships into account; reciprocal BLASTs between plant and free-living algal genomes provides a means of demonstrating the capacity of BLAST to reciprocally recover candidates identifi ed by HMMER. Direct screening with the most closely related sequences was thus carried out by way of BLASTscreens of red-and green-algal nucleomorph genomes using, respectively, plant, green-and red-algal nucleoporin candidates (Fig. 1b) .
The design of this screen maximizes the chance of fi nding nucleoporin homologues in the two nucleomorph genomes, and furthermore, we believe this gives us sufficient information to directly interpret the absence of candidate nucleoporin orthologues from nucleomorph genomes as most probably genuine absence, not failure to detect homologues bioinformatically. The tree shows phylogenetic relationships of the genomes used in this study, phylogeny from (Bhattacharya et al. 2004; Yoon et al. 2004 ). Note that the phylogeny indicates the evolutionary relationships between the red and green algal nucleomorphs and other members of the Plantae; the phylogenetic affi nities of B. natans and G. theta, using genes from the main nucleus of these species, are not shown. The evolutionary distance from the known Opisthokont Nup genes to all study species within Plantae is expected to be comparable (see text). Profi le HMM searches against A. thaliana, O. sativa, C. reinhardtii and C. merolae can therefore act as 'positive controls' to show that the searches are suffi ciently sensitive to detect Nup genes in Plantae. For example, if the detection of Nups across the Opisthokont-Arabidopsis distance is achievable, it should likewise be possible to detect Nups across the Opisthokont-Bigelowiella natans nucleomorph distance. Profi le HMM searches were thus carried out against those species marked with an asterisk (*), to establish that the search methods were suffi ciently sensitive to span the evolutionary distance. The original profi les, and also profi les containing Nups identifi ed from this screen were then used to search for Nups in both nucleomorph genomes. Candidate Nup sequences from the species indicated (*) were also used to search nucleomorph genomes by BLAST.
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Nup dataset
Vertebrate and yeast Nups previously identifi ed through experiment (Suntharalingam and Wente, 2003) were recovered from Genbank. Additional vertebrate sequences were gathered by BLASTP against the NCBI nr database using the experimentally verifi ed Nups as queries, and with strict criteria for acceptance (E-value ≤ 10 -100 and bit score ≥ 200). Additional yeast sequences were recovered from the available yeast genome data (Cliften et al. 2003; Dujon et al. 2004; Kellis et al. 2003 ), collecting only yeast Nup genes that were in regions of conserved synteny with the orthologous S. cerevisae Nup gene as a further criterion to ensure that only orthologues were included in building the dataset.
Nup protein sequences were aligned with CLUSTALX (1.83) (Thompson et al. 1997) , and manually vetted. As conservation between yeast and vertebrate proteins was in some cases poor, we created separate vertebrate and yeast alignments where necessary; for some Nups, conservation between vertebrates and yeast was suffi cient to enable construction of reliable alignments across all species.
Profi le HMMs were built from all alignments using HMMER 2.3.2 (http:// hmmer.janelia.org). Both local and global profi le HMMs were built for all alignments. Domain information for the different Nups was gathered from Swiss-Prot (http://www. expasy.org) (Boeckmann et al. 2003 ) and PFAM (http://www.sanger.ac.uk) (Finn et al. 2006) , and from our own examination of all alignments.
Genome screens
Protein-coding gene sets from C. merolae (Matsuzaki et al. 2004 ), A. thaliana (Arabidopsis-Genome-Initiative, 2000) and C. reinhardtii were searched with each profi le using HMMSEARCH from the HMMER package. Results were evaluated according to E-value (accept ≤ 10 -10 ) and reciprocal BLASTP searches against Genbank to establish whether new candidates successfully recovered experimentally-characterised Nups from the original alignments. Finally candidate Nups were aligned to known Nups using Clustal X to establish whether functional and evolutionarily-conserved domains were present. The B. natans and G. theta nucleomorph genomes were likewise screened in this way, accepting all hits regardless of E-value to produce an exhaustive search.
Rice Nup candidates were identified with HMMSEARCH search against the TIGR rice annotation, release 3.0 (Yuan et al. 2005) , and from the KOME rice cDNA database (Kikuchi et al. 2003) using TBLASTN (Altschul et al. 1997 ) with each Arabidopsis protein as query, accepting only hits with E value ≤ 10 -20 . Reciprocal BLASTX searches were carried out with all rice cDNA candidates against the Arabidopsis genome to exclude potential false positives. Rice candidate protein sequences were recovered from NCBI and verifi ed by pairwise alignment to each Arabidopsis candidate.
Candidates from A. thaliana, rice and C. merolae were added to the alignments and new profiles were created. The two nucleomorph genomes (G. theta and B. natans (Douglas et al. 2001; Gilson et al. 2006) ) were re-screened with HMMSEARCH using these new yeast-vertebrate-Plantae profi les as described above. In addition, Nup candidates from A. thaliana, rice, C. reinhardtii and C. merolae were used in BLAST searches of the nucleomorph genomes, using a range of substitution matrices (data not shown). Choice of matrix did not affect results. Alignments and profi les are available on request.
Genome/protein coding sequences were obtained from the following sources: Cyanidioschyzon merolae (Matsuzaki et al. 2004 
Verifi cation of candidate Nups
Nup candidates were searched against the Genbank nr-database with BLAST to establish whether the most similar proteins in the database were Nups. Candidates were also incorporated into CLUSTALX alignments and examined for conserved regions. BLAST and BLAST2SEQ (http://www.ncbi.nlm. nih.gov/BLAST) were used in some cases to aid in checking that domains were present and correctly aligned.
Absence of Nucleoporins in Nucleomorphs.
Results and Discussion
Our HMMER screen using Opisthokont Nup protein sequences successfully detected green plant candidates for all nucleoporins conserved between vertebrates and yeasts, with the exception of Nup214 (Table 1 and Fig. 2) . Broadly speaking, we observe that the central regions of the NPC are the most universally conserved amongst taxa and produced the highest bit scores from hmm searches. No yeast-specifi c nucleoporin genes were identifi ed among the Plantae, but 3 of 6 vertebratespecifi c Nup genes (Gp210, Aladin and Nup43) were found in green plants with one of these, Aladin, also present in C. merolae. From the preliminary data available from the C. reinhardtii genome project, we identifi ed 11 candidate nucleoporin genes, whereas 18 candidates were identifi ed in the complete genome of C. merolae. The results we report for A. thaliana, O. sativa and C. merolae broadly agree with the psi-BLAST survey reported by Mans et al. (Mans et al. 2004) . Signifi cantly, we fi nd candidates for fi ve Nups not identifi ed by these authors: Nup2/50, Nup42/Nlp1, Nup 45/58/49 in Arabidopsis, rice and C. merolae; Nup 1/153 in Arabidopsis and rice and Nup133 in C. merolae (Table 1) .
In contrast to the essentially complete complement of candidate green plant Nups, we fi nd a more limited set in the red and green algae. In both cases, we screened available predicted protein-coding genes. However, since the C. reinhardtii data are preliminary, this may account for the lower number of candidates in this species. Given that there are several cases where we detect green plant and red algal Nup homologues, with no corresponding candidate in C. reinhardtii (Aladin, Nup62, Nup 107, Nup133), this may be due to incomplete, or absent gene predictions. Indeed, we fi nd no examples of Nup genes conserved in green plants and C. reinhardtii to the exclusion of the red alga. BLASTing the two algal genomes with Nup candidates from plants did not increase the number of candidates, leading us to conclude that, at least for C. merolae, we have a fairly complete set, with all the major sub-complexes represented (Fig. 2) . Whether the remainder are simply too divergent at the sequence level to be detected cannot be ascertained.
This analysis identifies 18 Nups conserved between Opisthokonts, green plants and the red algal lineage, of which 11 are also found in the green alga. For plants, we fi nd 26 Nup homologues. Our screen for Nup candidates in the Plantae is thus the most comprehensive to date. These data can now be brought to bear on our nucleomorph genome screen.
Profi le hmm searches detected no strong Nup candidates in either the B. natans or the G. theta nucleomorph genomes (Fig. 3) . This is the case even for the 11 Nup profi les that returned homologues in all four control genomes (Arabidopsis, rice, C. merolae and C. reinhardtii). Neither did adding all candidate Plantae Nup orthologues to our profile HMMs and re-screening alter this result.
To determine whether Nup genes were present but highly divergent from vertebrate/yeast Nup genes, we examined all hits returned from the nucleomorph genome searches for conserved sequence stretches regardless of E-value/bit score (see Supplementary Table 1 ). We did this by pairwise local alignment, and by global alignment (CLUSTALX) with all sequences for a given Nup orthologue. The top nucleomorph candidates for each nucleoporin were also BLASTed against the Genbank nr database to establish whether any similar proteins were annotated as nucleoporins, or whether candidates appeared more similar to other known proteins. This exhaustive examination of possible Nup candidates failed to identify any nucleoporin genes in either of the nucleomorph genomes. The majority of the weak candidates could be clearly identifi ed as proteins other than Nups by BLASTs against the Genbank nr database (Supplementary Table 1 ). The lack of detectable Nup genes in nucleomorph genomes is in stark contrast to the clear conservation of numerous nucleoporins between green algal/plant, red algal and opisthokont genomes. Given the phylogenetic relationships of the species involved, and the successful detection of 11 Nup genes in all four positive control genomes (Fig. 2b ), we conclude that no genes in either nucleomorph code for Nups. The absence of nuclear pore genes in nucleomorph genomes suggests three possible scenarios: fast evolution of nucleomorph Nup genes, transfer of Nup genes to the host nucleus, or loss and concurrent replacement of nucleomorph Nup genes by those encoded by the host nucleus. The possibility that the NPC in nucleomorphs is composed of non-homologous proteins, having evolved twice, is not a likely scenario, given the presence of identifi able Nup homologues across much larger evolutionary distances on the eukaryote tree Table 1 ). White boxes indicate that either the position of these Nups in the NPC is not known, that they are dynamic, or that they appear in different locations between yeast and vertebrates. Black lines indicate known biochemical interactions in the vertebrate NPC (for clarity, known interactions between yeast proteins are not shown). Proteins with prefi x y have been identifi ed in yeast but not vertebrates. Proteins prefi xed with v are found in vertebrates but not yeast. All other proteins are found in both groups. Nup45 and 58 are generated by alternative splicing and are coded by the same gene (Hu and Gerace, 1998) . We screened using Nup58/Nup49 sequences since Nup45 is identical to Nup58 save for a truncated C-terminal region. Our screen cannot establish the existence of splice variants; we thus count Nup58 and Nup45 as a single candidate in our screens and include Nup45 only for completeness as the fi gure is based on (Lim and Fahrenkrog, 2006) . Additional information sourced from (Suntharalingam and Wente, 2003) . (Bapteste et al. 2005; Mans et al. 2004) . Our own analyses of other eukaryote genomes using the profi le HMMs generated for this study are consistent with these earlier results (data not shown).
The fi rst scenario, that nucleomorph sequences have evolved so rapidly that they are undetectable by our methods, is plausible in principle, but unlikely. Nucleomorph genomes are known to be fast evolving, probably due to their asexual life style, which renders them prone to Muller's ratchet (Gilson and McFadden, 2002) . Analysis of nucleomorph genes for proteins that function in the periplastid space for which nuclear homologues also exist (Patron et al. 2006) , showed that the average pairwise distance was higher between the B. natans nucleomorph and both A. thaliana and C. reinhardtii than between nuclear homologues of the latter two genomes, with this trend being more pronounced than for comparisons between the G. theta nucleomorph and C. merolae and A. thaliana.
However, invoking an elevated mutation rate to account for the apparent absence of Nups in the nucleomorph genomes (i.e. that Nups are present but not detectable) would require two conditions not supported by current data. First, the rate of sequence evolution would have to be suffi ciently high that sequence similarity degraded to undetectable levels since the evolutionary split between the ancestors of the B. natans nucleomorph, the plants and C. reinhardtii, likewise for the split between the G. theta nucleomorph and C. merolae. Second, amino acid sequence conservation in all nucleoporin proteins would need to be suffi ciently unimportant for function that it would be possible for a given Nup to become so divergent in sequence as Neumann et al HMM searches against the nucleomorph genomes (Bigelowiella natans and Guillardia theta) did not detect any Nup candidates even for Nups that were clearly identifi ed in all examined Plantae genomes. The plot shows the single best bit score amongst the yeast/vertebrate local/global searches for each species. Bit score values <-50 are not shown to scale (see supplementary table 1).
to be unrecognisable. This appears not to be the case for the majority of Nups, which are detectable across all eukaryote kingdoms where genome sequence is available (Mans et al. 2004 ) and despite clear differences in rates of sequence change between unrelated Nups (Bapteste et al. 2005) .
The fact that we see such a clear contrast between our capacity to detect Nups in all available genomes from the Plantae but not in the two nucleomorph genomes leads us therefore to conclude that Nup genes are no longer residing in either of nucleomorph genomes. Based on the other examples of gene relocation to the host nucleus in primary endosymbioses, we expect nucleomorph Nup genes have either been relocated to the main nucleus with these proteins being imported into the nucleomorph, or they have been lost altogether, with those encoded in the host genome functioning in both the main nucleus and the nucleomorph (Fig. 4) . 'Sharing' of Nup genes between host and nucleomorph would require dual targeting of nucleoporins to the nucleomorph and to the main nuclear envelope after translation in the cytoplasm of the host. Dual targeting of nuclear encoded proteins to both mitochondria and chloroplasts is known in plants (Mackenzie, 2005) , so is not without precedent. Import of proteins into the chloroplast in B. natans requires bipartite leader sequences composed of a signal peptide (for traffi cking through the endoplasmic reticulum) and a transit peptide (for entry into the chloroplast) (Rogers et al. 2004 ). This implies that import of proteins destined for the nucleomorph, should only require a signal peptide. Surprisingly, this is not the case in G. theta, where it has recently been demonstrated that nucleus-encoded sequences targeted to the periplastid compartment are in fact bipartite; whether sequences are targeted to the periplastid compartment or to the plastid can be attributed to a single amino acid in the bipartite leader sequences (Gould et al. 2006) . In principle, alternative splicing could enable differential targeting in either species.
One fi nal possibility is that nucleomorph NPCs are chimaeric in nature; that is, some nuclearencoded nucleoporins are of nucleomorph origin, and some are of host cell origin, being targeted to both the nucleomorph and main nucleus. Overall, it is expected that large multisubunit complexes are refractory to chimaerisation because of coevolution of interacting proteins (Jain et al. 1999) . Mammalian mitochondrial ribosomal proteins, which, being nucleus-encoded and part of a large multisubunit complex, provide a close analogy to the NPC and fi t the scenario given in fi gure 4b. However, it is also evident that a significant number of proteins with no homology to either bacterial or eukaryotic ribosomes have been recruited into mammalian mitochondrial ribosomes (O'Brien, 2002) , demonstrating that these structures are far from static. Moreover, single instances of chimaerism have been observed in plant mitochondrial ribosomes. A duplicated homologue of ribosomal protein S13 of chloroplast origin has been recruited into the mitochondrial ribosome in A. thaliana (Adams et al. 2002; Mollier et al. 2002) . Duplication of cytosolic S8 has likewise led to replacement of the mitochondrial counterpart, again in Arabidopsis (Adams et al. 2002) . We therefore think it is premature to rule out some degree of chimaerism (Fig. 4c) , and note that this would be more likely at the periphery, for instance at the cytoplasmic fi brils, where the extent of sequence conservation and species distri-bution among eukaryotes is low (unpublished observations).
Establishing whether nucleoporins of nucleomorph origin have been completely lost, or whether there are two sets of genes for nucleoporins, one for each nuclear compartment, and whether redand green-algal nucleomorphs differ in this respect must await the sequencing of the main nuclear genomes from G. theta and B. natans.
To conclude, our analysis indicates that convincing evidence for the absence of genes can be distinguished from a diffi culty in detecting genes due to low sequence similarity. The use of sister taxa as 'positive controls' for genome searches, combined with the sensitivity of hmm searches provides a conclusive method to characterize gene loss in completed genomes. We used this method to show probable loss of all nucleoporin genes independently from green and red algae nucleomorphs. The loss of these genes from nucleomorphs is consistent with the strong pressure for genome minimization in these genomes (Douglas et al. 2001; Gilson and McFadden, 2002; Gilson et al. 2006) , and indicates that eukaryote genome miniaturization may proceed with some recurrent events.
